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Abstract

Growth factors are important morphogenetic proteins that instruct cell behavior and guide tissue
repair and renewal. Although their therapeutic potential holds great promise in regenerative
medicine applications, translation of growth factors into clinical treatments has been hindered by
limitations including poor protein stability, low recombinant expression yield, and suboptimal
efficacy. This review highlights current tools, technologies, and approaches to design integrated
and effective growth factor-based therapies for regenerative medicine applications. The first
section describes rational and combinatorial protein engineering approaches that have been
utilized to improve growth factor stability, expression yield, biodistribution, and serum half-life, or
alter their cell trafficking behavior or receptor binding affinity. The second section highlights
elegant biomaterial-based systems, inspired by the natural extracellular matrix milieu, that have
been developed for effective spatial and temporal delivery of growth factors to cell surface
receptors. Although appearing distinct, these two approaches are highly complementary and
involve principles of molecular design and engineering to be considered in parallel when
developing optimal materials for clinical applications.
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Introduction

Regenerative medicine is an interdisciplinary field where researchers aim to replace or repair
damaged cells, tissues, and organs to effectively restore normal function and circumvent the
need for donation [1]. Major strategies being pursued to achieve these goals include
introducing materials and modulating agents, such as extracellular matrix (ECM)-inspired
biomaterial scaffolds, cells, and growth factors [2], to the damaged site to stimulate
regeneration [3].

Growth factor proteins are naturally secreted from cells and directly interact with or are
sequestered by the surrounding ECM for presentation to cell surface receptors. Growth
factors are essential to the regenerative process. Specific growth factor receptor binding
stimulates cellular signal transduction pathways that trigger events such as cell migration,
survival, adhesion, proliferation, growth, and differentiation [4-6] (Fig. 1). On a larger scale,
these growth factor-stimulated cellular responses are involved in organism development,
angiogenesis, and wound healing [5]. Clinically-approved growth factors include human
growth hormone (hGH; Humatrope® [7]), which is used to treat children of short stature,
platelet-derived growth factor-BB (PDGF-BB; Regranex® [8]) which is approved to treat
lower extremity diabetic neuropathic ulcers, and bone morphogenetic factor-2 (BMP-2) and
BMP-7 for lumbar spine fusion (INFUSE™ Bone Graft/LT-Cage™ [9]; OP-1 Putty [10]) and
open tibial fracture (INFUSE® Bone Graft [11]; OP-1 Implant [12]).

While growth factors have had clinical success, their potential as therapeutic agents has
generally been hindered by inherent limitations imposed by their native protein forms. In
particular, nature has designed growth factors with properties such as low protein stability,
short circulating half-life, rapid rate of cellular internalization, and localized tissue activity
as mechanisms for controlling their function through restricted spatial and temporal effects.
As an example, fibroblast growth factor (FGF-1) possesses intrinsically low stability,
exhibiting a functional half-life of only one hour in serum at 37 °C [13]. Additional
challenges arise for utilizing exogenous growth factors as therapeutics, including poor
recombinant expression yield, difficulty of purification, high cost of production, and lack of
appropriate delivery methods [14]. Collectively, these limitations create a significant need
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for new tools and technologies that will render growth factors more amenable for therapeutic
use.

In this review, we discuss progress to address these needs, including the design, engineering,
and development of novel proteins and protein delivery systems. Although we focus on
applications related to regenerative medicine, the concepts and strategies discussed here are
broadly relevant to other therapeutic applications. We first focus on different protein
engineering strategies used to create growth factors with improved biochemical and
biophysical properties. We then present examples of engineered microenvironments, and
discuss how these strategies have been used to develop enhanced growth factor delivery
systems. The concluding section provides future outlook on the critical role that design and
engineering will continue to play in these efforts.

PROTEIN ENGINEERING TECHNOLOGIES APPLIED TO GROWTH FACTORS

As described above, challenges exist for using natural growth factors in regenerative
medicine applications that stem from their inherent limitations as proteinaceous materials;
quite simply, nature designed growth factors for specific local and temporal tissue effects
that do not translate well into their development or use as therapeutics. In this section, we
highlight examples of combinatorial protein engineering methods, often referred to as
‘directed evolution’, that have been applied to engineer growth factors with improved
properties, including increased protein stability, extended serum half-life, enhanced
biodistribution, improved recombinant expression yield, and altered receptor binding affinity
or internalization/recycling rate (Fig. 2).

Overview of combinatorial protein engineering strategies

Protein library creation—Directed evolution involves high-throughput screening of large
libraries of protein variants (e.g. thousands to millions) as an efficient means to interrogate
and identify beneficial growth factor mutations on a massively-paralleled scale. When
constructing such libraries, a main consideration is that the protein variants should be
sufficiently similar to the natural growth factor to maintain its overall structure and function,
but also sufficiently divergent in sequence to impart improved functionality [15]. Commonly
used library creation techniques include random mutagenesis [15, 16], site-directed
mutagenesis [15], and recombination [15, 17] (Box 1), which introduce diversity into the
growth factor at the gene level. The choice of mutagenesis method is governed by the
amount of sequence-structure-function information available for the growth factor of interest
and whether targeted or random mutations are desired. Each approach has its advantages and
limitations, which are discussed more in depth elsewhere [15].

Protein library screening—Once a mutagenesis strategy is performed, the DNA then
needs to be transcribed and translated to generate a protein library. A number of systems
have been developed to enable millions of diverse protein variants to be efficiently produced
and screened to identify those with phenotypic improvements, including increased stability,
expression yield, and altered binding affinity. Many of these approaches involve expression
and tethering of individual protein variants onto the surface of cells (e.g. phage, yeast, or
bacteria display), or attachment to transcription/translation machinery (e.g. ribosome or
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mRNA display) [18] (Fig. 3A). These fusions establish a ‘genotype-phenotype’ linkage that
allows protein variants of interest to be identified through their corresponding DNA
sequence. Each display technology has pros and cons specific to the type of protein and the
library size that can be accommodated, which have been reviewed elsewhere [18-20].

The mantra in protein engineering is “you get what you screen for” and thus designing an
appropriate library screening strategy is crucial for success. Library screening requires
subjecting a diverse population of protein mutants to varying conditions and selecting the
variants that are most adapted for the challenge. There is an added requirement for high-
throughput methods to distinguish between millions of protein variants (Fig. 3B). Flow
cytometry is often used to sort protein libraries expressed on the surface of bacteria, yeast, or
mammalian cells. As an example, a library of yeast-displayed growth factor mutants was
screened by flow cytometric sorting to identify variants that possess increased binding
affinity to a fluorescent soluble receptor domain [21]. Alternatively, growth factor libraries
displayed on the surface of phage particles have been screened by panning against a soluble
receptor domain attached to a solid support [22]. These two methods both discriminate
growth factor variants based on their binding affinity to a receptor of interest. Alternative
screening strategies based on cellular proliferation or kinase activity have also be used to
directly probe the functional activity of specific growth factor mutations [23-26].

Examples of protein engineering used to improve growth factor properties

Protein stability and half-life—A major limitation of natural growth factors is their short
effective half-life due to poor stability or fast blood clearance. As a result, multiple
administrations are often needed to achieve a therapeutic effect, correlating with cost and
compliance considerations. Moreover, protein integrity can be compromised by fluctuations
in temperature or pH, aggregation, hydrolysis of peptide bonds, or oxidation of amino acid
side chains during long term storage [27].

Various protein engineering strategies have been applied to improve growth factor stability,
including the introduction of stabilizing mutations or alterations, or the creation of smaller,
less complex protein variants which recapitulate the functional activity of native growth
factors. As an example, fibroblast growth factor-1 (FGF-1) is a potent activator of the tissue
regeneration process, but suffers from poor stability [28]. Sequence analysis of FGF family
members revealed a vestigial unpaired cysteine at position 83 [13]. Site-directed
mutagenesis was applied to a nearby alanine residue at position 66 of FGF-1 to introduce a
disulfide bond between Cys66 and Cys83. The resulting FGF-1 variant demonstrated a half-
life of 14 hours in unconditioned media, a 14-fold increase in functional half-life compared
to wild type FGF-1. The engineered FGF-1 variant also displayed a 10-fold increase in
mitogenic activity in the absence of a thermostabalizing glycosaminoglycan, known as
heparin [13].

Another example is hepatocyte growth factor (HGF), an important mitogen for cell growth,
motility, and morphogenesis [29]. HGF is a large (~80 kDa) multi-domain protein notorious
for its instability and tendency to aggregate in physiological buffers. For example, HGF has
been shown to aggregate when incubated in saline for 3 days at 37 °C, resulting in up to a
50% loss of protein [30]. The minimally active fragment of HGF that functions as a weak
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agonist comprises the N-domain and first kringle domain (termed NKZ1), but this fragment
still suffers from poor stability and low recombinant expression yield [31]. Combinatorial
protein engineering methods can be used to identify protein variants with improved stability
and expression yield [32]. A yeast-surface displayed NK1 library, created by random
mutagenesis, was screened to identify variants with increased thermal stability; an
engineered NKZ1 variant containing 8 mutations (termed M2.2) exhibited a 15°C increase in
melting temperature compared to wild-type NK1 and functioned as a weak agonist /n vitro
[31]. The agonistic potency of M2.2 was significantly increased by covalently fusing NK1
monomeric subunits with a disulfide bond formed through a cysteine residue introduced at
the protein N-terminus [31]. The resulting M2.2 dimer demonstrated agonistic potency /n
vitro that approached activity levels elicited by the native HGF protein [33], and also showed
efficacy in a rat myocardial infarction model when delivered from a biomaterial scaffold
constructed from ECM components [34].

Nature has improved the thermal and protease stability of small proteins by cyclizing (i.e.
connecting) them through their N- and C-termini [35]. This strategy was applied to
interferon alpha (IFNa2), a cytokine used to treat viral infection, through an enzyme-
mediated reaction [36]. The resulting cyclized IFNa?2 variant retained its ability to inhibit
cell proliferation, and had an improved melting temperature of 4 °C compared to non-
cyclized variants. The therapeutic properties of IFNa2 were further improved by site-
specifically conjugating polyethylene glycol (PEG) to address the limitation of fast blood
clearance. PEGylation, which increases the hydrodynamic radius of a protein, is a common
method for enhancing the serum half-life of growth factors and cytokines to reduce dosing
frequency and has been applied to human growth hormone (hGH; Somavert®; Pfizer),
granulocyte colony stimulating factor (G-CSF; Neulasta®, Amgen), and interferon alpha-2a
(PEGASYS®, Genentech/Roche); reviewed in [37].

Recombinant expression yield—Another important consideration when developing
growth factors for clinical applications is the expression and purification methods required
to properly fold complex mammalian proteins, as well as the high cost associated with
production. Natural growth factors can be challenging to produce and in some cases require
mammalian host expression systems [38]. Protein engineers have applied a number of
strategies to improve recombinant expression yield, including the development of minimal
growth factor domains which can be more easily expressed in microbial hosts. As an
example, HGF must be expressed and purified from mammalian cell culture systems,
compared to the NK1 fragment which can be produced in bacteria or yeast [31, 39].

Combinatorial protein engineering methods have been developed to identify protein variants
with increased expression yield. Seminal studies demonstrated that increased expression
levels of a protein tethered to the yeast cell surface strongly correlates with increased
expression yield of that protein when expressed in soluble form [32]. This concept has been
applied to improve the recombinant expression of the NK1 fragment of HGF [31]. A yeast-
displayed library of NK1 mutants was created by random mutagenesis and screened to
identify variants with high levels of yeast cell surface expression compared to wild-type
NKZ1; the best variants exhibited a 40-fold improved expression yield [31-33]. Improved
soluble expression yields were also achieved by targeted mutagenesis of NK1 [30] or
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chemical synthesis of the K1 domains of NK1 [40], studies which are described in more
detail below.

Another strategy to improve protein production and stability is to remove protease cleavage
sites that naturally occur within growth factors. This strategy has been applied to platelet-
derived growth factor (PDGF)-BB [41]. Site directed mutagenesis was used to generate
Arg32Pro and Arg28Ser PDGF-BB mutants which exhibited 5-fold increased expression
levels of PDGF-BB, and also demonstrated a 2—3 fold improvement in mitogenic potency
compared to wild-type PDGF-BB [41]. Similar protein engineering strategies can be applied
to other growth factor families to address manufacturing challenges and would serve to
effectively reduce cost and time to production.

Receptor binding affinity—Combinatorial screening approaches have also been widely
used to identify protein variants that possess tighter binding to a target of interest [22, 31,
42]. The equilibrium binding affinity (Kp) of a ligand/receptor interaction is defined as the
ratio of the kinetic binding off-rate over the on-rate. While higher affinity binding between a
ligand and its receptor has been shown to drive improved biological activity [42, 43], this
correlation is not always evident, particularly for ligand agonists, and thus other design
criteria are needed in protein engineering efforts. In one example, a library of human growth
hormone (hGH) mutants was screened using a phage-panning approach to isolate variants
which bound to hGH receptor with up to a 50-fold increase in affinity compared to wild type
hGH [44]. The increased affinity of these hGH variants was mainly driven by their decreased
dissociation rate constants of binding (ko). When tested for their ability to initiate JAK2
tyrosine kinase phosphorylation and subsequent cell proliferation, the hGH variants did not
elicit improved biological effects compared to wild-type hGH. Furthermore, a series of hGH
mutants with 5-to 500-fold reduced receptor affinity showed that the biological response was
unaffected until a 30-fold increase in kqgf was reached [44]. These results led to the
conclusion that wild-type hGH binding to hGHR surpasses the requirements for cellular
activity. However, mathematical models that account for hGH binding at the cell surface, as
well as induction of receptor endocytosis and downregulation, predict that the biological
function of hGH is driven by the binding on-rate (kq,) and the endocytic rate constant (ke)
[45]. In other words, the biological potency of hGH will not be affected by decreased off-
rate (Koff) or tighter overall binding affinity if the hGH:hGHR complex gets internalized
faster than the ligand dissociates. Collectively, these results suggest that improved potency
might be achieved by engineering growth factor variants with increased binding on-rates.

Another example of engineering growth factor binding affinity involves the epidermal
growth factor (EGF), which stimulates cell migration and proliferation required for
regenerative applications including wound repair [46]. The short-half life of EGF due to
protein degradation and fast clearance [47, 48] has limited its clinical utility. Library
screening was used to identify EGF mutants with increased binding affinity to the EGF
receptor (EGFR) as a means to modulate biological activity. Yeast-surface displayed
libraries of EGF mutants, created by error-prone PCR and DNA shuffling, were screened to
identify variants with up to a 30-fold increase in binding to the extracellular domain of
EGFR [21]. Two EGF variants were found to possess faster EGFR binding on-rates and
were more potent at stimulating EGFR activation [49]. In a different study, rationally created
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chimeric proteins consisting of EGF and a related mitogen TGFa were shown to be active at
10-fold lower concentrations than their wild-type ligand counterparts; these variants were
shown to possess 3-to-5-fold higher binding on-rates and off-rates compared to natural
EGFR ligands [50]. These results demonstrate that improved potency can be achieved by
engineering growth factor variants with faster on-rates of receptor binding.

Receptor internalization and recycling rate—As described above for hGH, receptor
internalization can potentially reduce the duration of ligand-mediated receptor signaling
[45]. As further demonstration of this concept, an EGF variant containing a Y13G mutation
reduces EGFR binding affinity by 50-fold, but exhibits greater potency /n vitro due to
decreased receptor downregulation and reduced ligand depletion [26]. These results motivate
development of EGF library screens based on functional read-outs instead of binding affinity
[23]. In one study, targeted mutagenesis and cell-free protein synthesis [51] were used to
express a library of EGF variants in a microtiter plate format. Two EGF variants were
identified that stimulated cell proliferation at concentrations 10-fold lower than wild-type
EGF [23], despite having a weaker EGFR binding affinity. These results confirm that
improved growth factor potency does not always correlate with increased receptor binding
affinity, and highlights other parameters that should be considered when engineering growth
factors for enhanced agonistic activity.

High ligand-receptor binding affinity can also lead to intracellular degradation of the
complex following internalization, thus depleting the local ligand concentration and
reducing regenerative potency [52]. For example, EGF drives lysosomal degradation of
EGFR, effectively desensitizing the cell [53]. Hence, to increase growth factor efficacy,
mutations can be introduced into a ligand to drive its receptor dissociation once the
internalized complex reaches the endosomal compartment. This concept is based on TGFa,
which naturally promotes EGFR recycling and is therefore a more potent mitogen than EGF
[52, 53]. TGFa contains critical histidine residues that become protonated when TGFa/
EGFR complexes are internalized into endosomes (pH 5.5 compared to cell surface pH of
7.4), in turn driving ligand/receptor dissociation and recycling [54]. This strategy was
exploited to engineer more potent versions of G-CSF. Structural information and
computational modeling were used to identify key residues on G-CSF where an introduced
positive charge would disrupt the ligand/receptor complex [55]. Histidine was substituted for
Aspl10 or Aspl113 residues using site directed mutagenesis; these mutations resulted in
weaker G-CSF receptor binding at endosomal pH. Functional /n vitro assays confirmed that
the engineered G-CSF variants exhibited greater endocytic recycling, resulting in increased
cell proliferation compared to wild type G-CSF.

Collectively, these examples demonstrate that ligand internalization and recycling can have
profound effects on cell signaling, and hence, biological potency. In parallel, compounding
evidence has shown that immobilized growth factors often drive greater levels of receptor-
mediated signal transduction than soluble growth factors [56, 57]. This phenomenon is
believed to result from reduced growth factor internalization and degradation, and has been
exploited to develop novel growth factor delivery systems as discussed in detail in the
sections below.
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ENGINEERING GROWTH FACTORS WITHIN THEIR MICROENVIROMENT

As detailed above, combinatorial and rational protein engineering strategies have been used
to engineer growth factors with the goal of improving their native properties. The second
half of this review will highlight alternative approaches of engineering growth factors within
their microenvironment, including designing and optimizing methods for local delivery of
growth factors directly into an injured site. Growth factors act in concert with the local ECM
in which they are secreted. Some growth factors are sequestered in the ECM under
homeostatic conditions or after tissue injury (Fig. 1) [58, 59]. We will discuss the
physiological roles of the ECM in delivering growth factors and modulating their cell
signaling properties [2, 60, 61], focusing on soft (i.e. non-biomineral) components of the
matrix. Taking inspiration from the ECM (Fig. 4A), we then present strategies to engineer
growth factors along with their microenvironment for optimal delivery and increased
therapeutic efficacy for regenerative medicine applications. We will detail important aspects
of material and protein engineering to control the spatio-temporal release of growth factors
for local delivery in the injured tissue, either by exogenous carrier-material or by direct
targeting of the endogenous ECM. As growth factor sequestration within the ECM may also
limit tissue biodistribution, we will provide examples in which lowering the affinity of
growth factors to the ECM results in better therapeutic outcomes.

Roles of the ECM in the physiological delivery of growth factors

Although the ECM was initially considered to be a fibrillar network providing essential
biomechanical support for cells, its important roles in molecular retention and cell signaling
have been more recently highlighted [2, 62-65].

Growth factor interaction with ECM GAGs—Glycosaminoglycans (GAGS), including
heparan sulfate-GAGs (HS-GAGS), are main components of the ECM that serve to
effectively immobilize growth factors [66]. Growth factors that are characterized as
“heparin-binding” have the ability to interact non-covalently with GAGs and particularly
HS-GAGs, which share structural similarity with heparin. As an example, basic fibroblast
growth factor (bFGF, FGF-2) contains amino acid residues that bind to the negatively
charged sulfate and carboxy! groups of HS-GAGs through ionic and van der Waals forces
[67]. Consequently, interactions between growth factors and GAGs are essential for growth
factor sequestration into the ECM as well as for bioactivity, playing an important role in
receptor activation and downstream intracellular signaling [68] (Fig. 1). A number of other
growth factor families contain heparin-binding members, including platelet-derived growth
factor (PDGF), vascular endothelial growth factor (VEGF), bone morphogenetic protein
(BMP), EGF, and HGF [69], thus endowing the ECM with the general role of a growth
factor reservoir.

Growth factor interaction with ECM glycoproteins—In addition to GAG binding,
some growth factors interact promiscuously with ECM adhesive glycoproteins such as
fibronectin, fibrinogen, tenascin C, vitronectin and osteopontin [70]. For example, VEGF-
A145 [71] and the placental growth factor (PIGF)-2 [70] contain stretches of basic residues
at their C-termini that confer high affinities toward matrix proteins. In addition, specific
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growth factor-binding domains have been identified within fibronectin [72], fibrinogen [73],
tenascin C [74] and vitronectin [75]. Collagens have also been reported to directly interact
with some growth factors such as HGF, however, the specific growth factor-binding epitopes
in collagens have not yet been fully characterized [76]. The varying growth factor affinities
for different ECM glycoproteins facilitate spatio-temporal control of growth factor release in
the microenvironment, an event that is also dependent on the distribution of ECM proteins.
In addition to participating in growth factor sequestration, matrix proteins also contain cell-
adhesion sites, in particular, integrin-binding domains. The spatial proximity between
growth factor and integrin binding sites can lead to the formation of molecular clusters at the
cell surface, which are able to strongly modulate growth factor signaling and can mediate
synergistic effects [75, 77, 78] (Fig. 1). As an example, asB; integrin binding to the 9™ and
10™ domains of fibronectin (FN 111 9-10) and VEGF-A binding to the neighboring domains
FN 111 12-14, greatly enhances VEGF-A effects on endothelial cell responses, including
receptor phosphorylation [77]. Similarly, simultaneous binding of a., integrins to
vitronectin, and insulin-like growth factor (IGF-1) to IGF-binding proteins (IGF-BP)-3/-5,
drastically increases keratinocyte migration during skin wound closure [75]. These examples
highlight an additional key role of the ECM in actively presenting growth factors to cells
along with appropriate co-signaling information to enhance and optimize their
morphogenetic effects.

Both the reservoir function and the signaling context provided by the ECM are crucial to
fulfill the physiological delivery of growth factors and provide proper guidance of cell
behavior during regenerative processes (Fig. 1). A deep understanding of these natural
mechanisms highlights important criteria for engineering adequate growth factor delivery
systems that can be effectively designed for clinical applications in regenerative medicine.

Toward engineering ECM-inspired growth factor delivery systems

A clinical perspective on growth factor delivery—The limited success of growth
factor-based therapy in the clinic is closely associated with the lack of appropriate delivery
methods [14]. Growth factors that have limited interactions with the ECM in their native
mature form, including VEGF-A121, PDGF-BB, BMP-2 and IGF-1 [70, 79], often exhibit
short-term burst-type effects due to fast outward tissue diffusion and rapid proteolysis [2,
80]. Consequently, supraphysiological and repeated doses of these growth factors are
required for therapeutic benefit, in some cases triggering life-threatening side effects
including an increased cancer risk or ectopic tissue formation from systemic exposure of the
administered growth factor at such high doses [8]. Due to these important safety concerns
and their limited efficacy, commercially available growth factor-containing products, such as
Regranex® (containing PDGF-BB, used for skin wound healing) [8] and INFUSE®
(containing BMP-2, used for spinal fusion) [81], have not yet become standard-of-care
therapies in regenerative medicine.

To pave the way toward safe and cost-effective growth factor-based therapies, several
strategies to mimic natural ECM functions have been explored, with the goal of achieving
local and sustainable delivery of bioactive growth factors, and thus allowing the reduction of
therapeutic doses [2, 82].
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Growth factor delivery through decellularized ECM—The important role of the
ECM in instructing tissue regeneration and delivering bioactive factors, including growth
factors, has been partially elucidated by research on ECM that has been stripped of cells [83,
84]. Although growth factor content of decellularized ECM is typically decreased due to the
cell removal treatment, the content of native sulfated GAGs and other ECM proteins is
preserved to some extent [85, 86]. Thus, decellularized ECM has been used to deliver
growth factors within a close-to-native microenvironment. As examples, recent studies
demonstrated that decellularized ECM-derived hydrogels containing GAGs constitute a
viable platform for sequestering and delivering heparin-binding growth factors FGF-2 or an
engineered HGF fragment, leading to increased neovascularization as compared to delivery
in collagen in a rodent model of myocardial infarction [34, 87]. While decellularized ECMs
constitute promising scaffolds for tissue engineering applications, alternative strategies focus
on the development of other natural materials able to recapitulate key ECM functions, as
detailed below.

Growth factor delivery through exogenous engineered biomatrices (Fig. 4A)—
When engineering growth factor delivery systems, the choice of an appropriate biomaterial
is central and is motivated by the material’s ability to effectively sequester growth factors.
Physical and chemical properties of synthetic and natural biomaterials, such as density,
porosity, viscosity, hydrophobicity, and charge can be tailored to increase growth factor
retention. A detailed review of physico-chemical growth factor tethering to materials can be
found elsewhere [14]. However, challenges often arise with these approaches due to the need
to preserve growth factor bioactivity during incorporation into the biomaterial, as well as the
need to generate cell-friendly formulations that allow material remodeling. Thus, strategies
have focused on the use of natural ECM-derived materials, such as hyaluronan, chitosan,
collagen/gelatin or fibrin-based scaffolds. Although the animal or human sourcing of natural
biomatrices might have some limitations for clinical uses (e.g. pathogen transmission, batch-
to-batch variability, availability and ethical considerations), naturally-derived biomaterials
offer a physiologically relevant environment for cells [88] by their intrinsic capability to
retain signaling biomolecules, display cell adhesion and proteolytic sites, and provide
biomechanical support. For example, FGF-2 and VEGF-A naturally bind to fibrin [89, 90],
and their controlled delivery from fibrin sealants enhance their effects on endothelial cell
proliferation and blood reperfusion following myocardium infarction or limb ischemia [91].
Natural ECM-based materials can also be augmented to have increased affinity toward
growth factors. For instance, gelatin-based hydrogels have been tuned to be more acidic or
more basic in order to increase ionic interactions with oppositely charged growth factors
[92]. The sustained delivery of FGF-2 from a negatively charged gelatin sponge, or BMP-2
from a positively charged one, have respectively shown improved tracheal cartilage and bone
regeneration [93, 94].

Since heparin-binding growth factors have a natural affinity for GAGs and heparin-like
molecules, another approach used to sequester growth factors relies on the introduction of
heparin or heparin-binding domains in biomatrices. For example, covalent crosslinking of a
heparin-binding domain into fibrin gels promotes bridging between heparin and strong
heparin-binding growth factors, like FGF-2, as well as growth factors with lower affinity for
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heparin, like nerve growth factor (NGF)-f, which promoted neurite extension in the context
of peripheral nerve regeneration [95]. Direct covalent conjugation of heparin into fibrin gels
has also been implemented to sustainably deliver BMP-2, which improved bone regeneration
in a calvarial bone defect mouse model [96]. Based on interactions with GAGs, another
study exploited growth factor affinity for hyaluronan to efficiently deliver VEGF-C and
angiopoietin-2 from hyaluronan/methylcellulose hybrid matrices to prevent lymphedema
formation after lymphadenectomy [97].

As previously highlighted, growth factors also naturally bind to some ECM glycoproteins; a
property that can be exploited to engineer growth factor retention into biomatrices. For
example, the functionalization of fibrin hydrogels with the growth factor-binding domain of
fibronectin (FN 111 12-14) led to better VEGF-A and PDGF-BB retention compared to fibrin
gels only, which enhanced smooth muscle cell spheroid sprouting [72]. Similarly, the
incorporation of the growth factor binding-domain of fibrinogen into a synthetic
polyethylene glycol (PEG) hydrogel successfully recapitulates the growth factor reservoir
function of a fibrin clot. The co-delivery of FGF-2 and PIGF-2 from these fibrin-mimetic
matrices greatly enhanced skin wound healing and local angiogenesis in a model of chronic
wounds [73]. Interestingly, some ECM glycoproteins have the potential to actively present
growth factors along with complementary signaling information, resulting in synergistic
intracellular signaling and more powerful cellular responses to growth factors. These
systems inspired researchers to incorporate full-length or specific fragments of ECM
glycoproteins into growth factor delivery systems to further improve therapeutic outcomes.
As an example, the delivery of full-length vitronectin/growth factor complexes from
hyaluronan hydrogels increased dermal cell proliferation in skin wound healing [98, 99]. In
an alternate study, the functionalization of a fibrin gel with recombinant fibronectin
fragments (FN 111 9-10/12-14), comprising the fusion of an integrin-binding domain (FN 111
9-10) with a growth factor-binding domain (FN I11 12-14), drastically enhanced cellular
responses to VEGF-A, PDGF-BB and BMP-2, conferring therapeutic responses at very low
doses in models of skin and bone regeneration [78].

Finally, growth factor-binding moieties derived from non-ECM components, found via
receptor mimicry or through high-throughput screening methods, can also be used to
functionalize biomaterials that specifically control growth factor release, as reviewed
elsewhere [100].

Above, we described several approaches to design and engineer an environment that
promotes spatio-temporal control of growth factor delivery and the proper context for cell
signaling, thus recapitulating two important physiological roles of the ECM. In the following
section, we focus on engineering of the growth factor itself, to tailor interactions either with
the delivery system or directly with the endogenous ECM microenvironment.

Engineering growth factors for covalent interaction to exogenous delivery
materials (Fig. 4B)—Covalent conjugation of growth factor onto a biomaterial used for
delivery is the highest degree of immaobilization, which fully abrogates growth factor
diffusion. Many strategies exist to covalently attach growth factors to biomaterials [101], the
most common is the carbodiimide-mediated conjugation reaction, which uses growth factor
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primary amines or carboxylate groups as reactive moieties. One example is given by the
crosslinking of VEGF-A/angiopoietin-1 onto collagen scaffolds, thus creating a bioactive
material that supports vascularization [102]. Despite these and other successes, it is likely
that the inability to control conjugation sites with this approach affects growth factor
bioactivity (e.g. amino-acid side chains involved in the conjugation might be ones that
participate in receptor binding). In addition, covalent attachment affects internalization
dynamics of growth factors and prolongs their presence much beyond their usual transient
duration; two considerations that might alter the desired morphogenetic effects.

In contrast to chemical coupling, growth factors can also be enzymatically conjugated to
biomatrices through an incorporated substrate sequence. The main advantage of enzymatic
coupling is site-specific control of the crosslinking location within the growth factor,
minimizing interference with bioactive sites. For example, the fusion of a transglutaminase
substrate sequence derived from a.-2-plasmin inhibitor (a,Pl,_g domain: NQEQVSPL) at
the growth factor terminus allows its covalent incorporation into fibrin and PEG matrices by
the coagulation factor Xllla [103, 104]. Amongst other applications, this technology has
been promising in bladder tissue engineering, in which the sustained delivery of a,Pl{_g-
IGF-1 enhanced smooth muscle layer regeneration [79]. In this approach, fibrin-bound
growth factors are released dependent on matrix degradation and under the action of cell-
secreted proteases, such as plasmin or matrix metalloproteinases. Subsequently, the addition
of a plasmin-sensitive peptide sequence (Pla) between the a,yPl;_g crosslinking site and the
growth factors allow local cell-mediated growth factor release, as shown by the construct
a,Pli_g-Pla-VEGF-A121 in tissue revascularization [105].

As described above, growth factor engineering for covalent immobilization to exogenous
delivery systems affords a high level of release control, solely based on material degradation
and upon cellular demand. Alternatively, growth factors can be engineered for strong, but
non-covalent interactions with biomatrices. In this case, the biomaterials that deliver the
growth factor are derived from natural ECM components, thus growth factors can be
engineered to bind endogenous ECM with high affinity, as detailed below.

Engineering growth factors for delivery through endogenous ECM (Fig. 4C)—
Based on the observation that heparin-binding growth factors can associate with endogenous
GAGs, fusions of heparin-binding domains to non-heparin-binding factors have been. As an
illustration, the heparin-binding (HB) domain of HB-EGF has been added to IGF-1 to create
an HB-IGF-1 fusion that preferably interacts with chondroitin sulfate (CS) GAGs within the
CS-rich cartilage matrix following intra-articular knee injection [106].

ECM fibers, especially collagens, also constitute a good target for endogenous binding of
growth factors due to their abundance. Similar to the previous approach, fusions between
collagen-binding domains (CBD) and growth factors have been studied. As examples, CBD-
NGFp and CBD-BDNF improve peripheral nerve and spinal cord regeneration, respectively,
when delivered within collagen scaffolds [107, 108]. When administrated without exogenous
biomatrices, CBD-NGFp can also bind to the endogenous collagen on the rat sciatic nerve
and promote regeneration after nerve crush injury [109].

Acta Biomater. Author manuscript; available in PMC 2018 July 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mitchell et al.

Page 13

Based on similar concepts, an elegant technology was developed to simultaneously target
multiples endogenous ECM proteins, with the considerable advantage of recapitulating not
only the ECM function to retain growth factors, but also their appropriate presentation by
ECM proteins. For this study, the required building block was based on the discovery of an
PIGF-2 derived ECM-binding domain (PIGF-21,3_144) Which displayed high affinity for
various ECM proteins and HS-GAGs [70]. The PIGF-2153_144 domain was fused to VEGF-
A, PDGF-BB, and BMP-2 to endow them with high affinity toward fibronectin, fibrinogen,
vitronectin, tenascin-C and osteopontin. ECM-binding variants of VEGF-A, PDGF-BB and
BMP-2 significantly increased their therapeutic efficacy compared to the wild-type growth
factors in models of skin chronic wound healing and non-union bone defects, when
delivered at low doses either through a fibrin hydrogel or in a carrier-free manner [70].

Engineering growth factors to target endogenous ECM is a compelling strategy to mimic the
physiological delivery of growth factors and optimize their therapeutic effects on
morphogenetic processes. Furthermore, biomaterial-free growth factor delivery systems are
effective and of reduced complexity, which significantly simplifies their translation into
clinical therapies.

Engineering growth factors for decreased interactions with the ECM—As
described in the above examples, ECM interactions have been exploited for effective
presentation of growth factors to their cognate receptors. This mode of interaction ensures a
high local concentration of growth factor with the proper spatial and temporal presentation,
but can result in sequestration and suboptimal tissue biodistribution in cases where an
exogenous growth factor is not locally delivered to injured tissues. To address this limitation,
protein engineers have focused on ways to ablate ECM binding interactions. In one example,
rational engineering was used to develop fragments of HGF with reduced affinity to HS-
GAGs [30]. In this study, an NK1 variant (termed 1K1) was developed that contained point
mutations at positions K132E and R134E, located within the first kringle domain. The
alteration of amino acid side chains in this variant did not significantly impair proliferative
and anti-apoptotic effects /n vitro and in some cases enhanced the therapeutic efficacy of
liver regeneration /n vivo, compared to wild-type NK1 and vehicle only controls. It was
further revealed that the functional activity of 1K1 was independent of HS-GAG
interactions. The mutations also contributed to improved stability, demonstrating
significantly less aggregation while maintaining over 95% monodispersity [30]. The N-
terminal domain of HGF has been shown to possess strong interactions with the ECM. In an
alternative strategy, a truncated variant of HGF, comprised of only the first kringle domain,
K1, was prepared by total chemical synthesis. A biotin moiety was incorporated into this
protein at the C-terminus and streptavidin was used to generate a multivalent and
semisynthetic K1 construct (termed K1B/S). The K1B/S complex demonstrated potent
agonistic activity /n vitro, systemic activity /n vivo, and efficient protection of Fas-induced
liver apoptosis at doses 20-fold lower than full-length HGF [40].

Conclusion and future perspectives

Growth factors remain essential to the field of regenerative medicine, although they often
possess limitations that hinder their clinical application, including poor protein stability and
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recombinant expression yield, suboptimal potency, and lack of robust delivery methods. As
presented in this review, these constraints have driven the development of novel tools and
technologies that have been used to: 1) engineer growth factor variants with improved
biophysical and biological properties, and 2) engineer ECM-inspired growth factor delivery
systems.

These goals, and the efforts needed to achieve them, might seem distinct, however, much
synergy exists between the two approaches. First, growth factors with improved stability,
that are more potent and can be produced at higher levels, are desirable regardless of how
they are delivered to injured tissue. Second, both strategies involve some element of protein
manipulation where the growth factor is deliberately altered or exploited to invoke a
particular biological response or for optimal presentation and interaction to cells within a
delivery vehicle. Thus, we suggest that the two approaches presented here need not be
mutually exclusive, and should be considered together for designing the most optimal
materials for regenerative medicine applications. Moreover, the design and engineering of
growth factors, and in parallel, their delivery systems, involve constraints that are dictated by
the natural protein properties and the microenvironment to be recapitulated. Such integrative
design considerations will inform the engineering approach; for example, tethering a growth
factor to a biomaterial will increase its local concentration and is expected to prevent its
internalization within cells, thus in this case a strategy to engineer receptor binding affinity
or ligand trafficking will be less relevant.

Bottlenecks to engineering and developing growth factors as clinical products exist in both
the academic and industrial settings. While rational and combinatorial protein engineering
approaches have been available for decades, their application to growth factors has been
somewhat limited. Industrial interests have primarily been focused on developing biologics
based on monoclonal antibodies. The high cost and inertia of retooling established
infrastructure for growth factor engineering and production, and the regulatory hurdles and
risks that go along with such efforts are likely deterrents. From an academic stand point, the
growth factor engineering is relatively new and comprises a much smaller community
compared to other fields of regenerative medicine research, such as biomaterials science and
stem cell engineering, highlighting opportunities for new advances in the field. In parallel to
the development of protein engineering methods, elegantly designed biomaterial-based
growth factor delivery systems have also come to the forefront. The ability of these materials
to uniquely leverage the properties of naturally occurring growth factors provides
opportunities for clinical impact. However, challenges also exist with translating
biomaterial-based therapies to the clinic that are similar to those faced by engineered growth
factors, including unknown toxicity and immunogenicity profiles, as well as unchartered
regulatory paths and the added complexity and heterogeneity inherent in polymeric
biomaterials.

As engineered high-performance materials become increasingly more complex, research
teams with expertise and knowledge spanning biology, chemistry, engineering, and clinical
medicine will become an absolute necessity to help ensure that products generated from
these efforts have potential to translate from benchtop to bedside. Indeed, challenges and
needs for clinical adoption of these materials should be considered as early as possible in the
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design stage. In parallel, the excitement surrounding regenerative medicine will only
continue to increase as new tools and technologies are developed and applied to drive
innovation in the field.
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« Introduces nucleotide substitutions
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« Does not require structural informa-
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« Relies on PCR based methods to

introduce errors, including low fidelity

DNA polymerase.

« Codon blas can limit number of

mutations and prevent representation

of all twenty amino acids,

Methods in Library Construction
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+ Structural information helps
identify "hot spots” (individual
amino acids or regions) targeted for
mutagenesis.

« Relies of PCR-based techniques
using oligonucleotide primers that
carry pre-determined genetic
diversity.

« Fully synthetic DNA libraries
control for bias and occurrence of
stop codons, but with increased
cost.

Recombination Mutagenesis
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« Exchange of DNA fragments between
two or more related genes allow
mutations to be combined [14].

« Methods exist to recombine highly
homologous genes (i.e. DNA shuffling
[16)) or genes with little or no
sequence homology (i.e. staggered
extension process (StEP) [14]).

«Recombination can be combined with
other DNA mutagenesis methods to
introduce further diversity.

Figure 1.

From biosynthesis to cell receptor signaling, a growth factor’s journey within the
physiological ECM. After their biosynthesis, growth factors are secreted into the ECM,
where they interact with ECM components before binding and activating their cognate
receptors. Growth factors mainly signal to cell in autocrine and paracrine fashion, to instruct
their behavior during morphogenetic processes. Complexes formed between growth factors,
ECM components, and cell surface receptors may lead to additive or synergistic cell

signaling events.
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Figure 2.
Examples of growth factor properties that can be improved using protein engineering

techniques.
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Overview of protein engineering techniques. (A) yeast and phage-based library display
platforms, and (B) library screening methods.
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A. Non-covalent affinity for biomaterial matrices C. Non-covalent affinity for endogenous ECM

Biomaterial / Collagen fiber
Natural affinity for !
the biomaterial Collagen-binding domain
‘ Growth factor G Saler
Biomaterial
/ Heparan sulfates
\ protecgiyoans Heparin-binding domain
<> Heparin
\ {  Attinity <
. Senstn Tootom ‘ for heparin Growth factor
Blomaterial

— ‘ / ECM glycoproteins (e.g. fibronectin)
ECM fragment C\_/—\/ C——
C-/'\_/ {

‘ ’ ECM-binding domain
Affinity for
‘ . . ‘ ECM fragment Growth factor

B. Covalent attachment to biomaterial matrices
Extracellular physiological environment
of growth factors
Biomaterial /
Chemical >~ |2
crosalink
Growth factor
) /Z
Biomaterial G °
factor .
Enzymaltic
crosslinking Q
substrate
Protease Growth factor '1/-\
s g Fibrous proteins  GAGs  Glycoproteins

Figure 4.
ECM-inspired growth factor delivery systems. (A) Strategies for non-covalent attachment of

growth factors to exogenous biomatrices, leveraging the natural affinity of growth factors to
these materials. (B) Strategies to covalently attach growth factors to exogenous biomatrices
using chemical or enzymatic tools. (C) Strategies to employ endogenous ECM as the
delivery biomatrix by engineering fusions of growth factors with ECM binding domains.
Inset, Schematic of the extracellular growth factor environment.
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